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Abstract

Inhibition of the BCL6 BTB domain results in killing Diffuse Large B-cell Lymphoma (DLBL) 

cells, reducing the T-cell dependent germinal center (GC) reaction in mice, and reversing GC 

hyperplasia in nonhuman primates. The available BCL6 BTB-specific inhibitors are poorly water 

soluble thus limiting their absorption in vivo and our understanding of therapeutic strategy 

targeting GC. We synthesized a prodrug (AP-4-287) from a potent BCL6 BTB inhibitor (FX1) 

with improved aqueous solubility and pharmacokinetics (PK) in mice. We also evaluated its in 
vivo biological activity on humoral immune responses using the sheep red blood cells (SRBC)-

vaccination mouse model. AP-4-287 had a significant higher aqueous solubility and was readily 

converted to FX1 in vivo after intraperitoneally (i.p.) administration, but a shorter half-life in vivo. 

Importantly, AP-4-287 treatment led to a reversible effect on (1) the reduction in the frequency 

of splenic Ki67+ CD4+ T cells, Tfh cells, and GC B cells; (2) lower GC formation following 

vaccination; and (3) a decrease in the titers of antigen-specific IgG and IgM antibodies. Our study 

advances the pre-clinical development of drug targeting BCL6 BTB domain for the treatment of 

diseases that are associated with abnormal BCL6 elevation.
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Introduction

The B-cell lymphoma 6 (BCL6) protein is an evolutionarily conserved zinc finger protein 

which recruits co-repressors (e.g., SMRT, N-CoR, and BCoR) to transcriptionally repress 

cell cycle checkpoint genes (e.g., TP53, CDKN1A, ART, and CHECK1) and attenuate the 

apoptotic response to DNA damage upon environmental stimuli [1–3]. The function of 

BCL6 protein is adapted by the immune system as a mechanism to tolerate B cell somatic 

hypermutations during germinal center (GC) reaction across vertebrates [1]. BCL6 is a well-

known master transcription factor dictating GC reaction with high abundance in GC B cells 

and Tfh CD4+ T cells [4, 5]. Constitutive BCL6 expression in vivo leads to increase Tfh 

differentiation and its dysregulation is associated with development of diffuse large B-cell 

lymphoma (DLBCL) [6, 7]. Dysregulation of BCL6 is also found in other GC-associated 

malignancies (e.g., Burkitt lymphoma, follicular lymphoma and Hodgkin lymphoma) [8–

11]. Most recently, upregulation of BCL6 protein has been identified as a potential feature 

of pan-cancer cells with its expression serving as a stress tolerance mechanism to survive 

from host apoptotic response to DNA damage [1, 2]. Therefore, BCL6 has been proposed 

as a therapeutic target for treating B-cell lymphoma or diseases associated with abnormal 

elevations in BCL6 expression [9, 12–14].

Recruitment and binding of co-repressors through the BTB domain of BCL6 is essential in 

mediating GC reaction. Recently, a novel BTB-specific BCL6 inhibitor (FX1) was identified 

using the Site Identification by Ligand Competitive Saturation (SILCS) approach [14, 15]. 

FX1 has a higher affinity than its natural ligand (SMRT), and impedes BCL6 from binding 

to its repressor proteins [14, 15]. FX1 can effectively act against large B-cell lymphoma 

cells ex vivo and in vivo, as well as inhibiting T-cell dependent immune responses in mice 

without any toxic effect [14, 15]. We also recently showed that FX1 treatment could lead 

to a reversal of lymphoid hyperplasia in rhesus macaque [16]. However, FX1 or 79-6 as 

the available BCL6 BTB-specific inhibitors both have limited development potential due to 
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their high lipophilicity, poor aqueous solubility and poor bioavailability, which restricts their 

in vivo use [14] as BCL6 BTB-specific inhibitors. Although BCL6 degrading compound 

was found to be superior than BCL6 inhibition [17], poor solubility and poor bioavailability 

remains an issue.

In this study, we described and tested biological modulation of humoral responses by 

a synthesized prodrug (AP-4-287) of the potent BCL6 BTB inhibitor (FX1). We found 

improved aqueous solubility ex vivo and its in vivo activity in modulating humoral immune 

responses using the sheep red blood cells (SRBC)-vaccination mouse model.

Results

Synthesis of AP-4-287, a Prodrug of FX1.

We sought to improve aqueous solubility and biodistribution while preserving biological 

activity by converting FX1 into a pro-drug. A prodrug for FX1 was expected to improve 

the bioavailability of the active “drug” [18] after undergoing metabolic transformation in 
vivo to release the active drug species. In our studies, we synthesized an amino acid-based 

ester prodrug of FX1 (named AP-4-287, Fig. 1A) to target amino acid transporters. Amino 

acid transporters are membrane bound solute carrier (SLC) transporters that are abundantly 

expressed in many cells to enhance the uptake and utilization of nutrients in the cell [19, 20].

AP-4-287 had solubility in PBS buffer of 218 ng/mL presenting higher which is an ~150 

folds increase in aqueous solubility compared to FX1 (Fig. 1B). AP-4-287 is an ester 

pro-drug with a shorter half-life (T1/2) in mouse plasma than in rat or human plasma based 

on the in vitro plasma stability assay, when it is hydrolyzed to FX1. While increased in 

solubility, AP-4-287 has similar stability in human plasma to FX1 with T1/2 in human 

plasma of 4.65 and 3.29-hour, respectively (Fig. 1B). In contrast to human plasma, in vitro 
plasma T1/2 for FX1 had a significantly longer stability over AP-4-287 in mouse plasma 

(Fig. 1B).

Pharmacokinetic Analysis of FX1 and AP-4-287 in Mice.

To compare the pharmacokinetic plasma exposure of active drug (FX1) as compared to 

prodrug (AP-4-287), we performed one i.p. administration of FX1 or AP-4-287 (25 mg/kg 

in 100μL) into CD-1 mice and collected blood at 0.5-, 2-, 4-, 6-, 8- and 24-hour post 

injection (Fig 1C). The in vivo derived plasma samples were analyzed by HPLC-MS/MS to 

identify the fraction of FX1 or AP-4-287 at each timepoint. Intraperitoneal administration of 

AP-4-287 retained very low concentrations of AP-4-287 in plasma suggesting that AP-4-287 

was rapidly converted to FX1 soon after drug administration. Rapid conversion of prodrug 

to FX1 was consistent with peak FX1 levels observed at 0.5-hour after administration. 

Overall, AP-4-287 administration presented higher peak FX1 (Cmax=9635 ng/mL for those 

receiving AP-4-287; Cmax=2637 ng/mL for those receiving FX1), but shorter half-life for 

FX1 (T1/2=2.54-hour for those receiving AP-4-287; T1/2=9.51-hour for those receiving FX1) 

(Fig 1D&E) consistent with in vitro murine plasma stability tests. Therefore, the Cmax of the 

prodrug was ~3.65 folds than that of FX1 (Figure 1E). The FX1 exposure levels (AUC0-t) 

within 24-hour were 11120 ng.h/mL when receiving AP-4-287 administration and 17936 

CAI et al. Page 3

Eur J Immunol. Author manuscript; available in PMC 2022 January 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ng.h/mL when receiving FX1 administration (Fig 1D&E). Both drugs were cleared within 

24hr after drug administration (Fig 1D). The in vivo T1/2 for AP-4-287 was 1.72hr and 

AUC0-t was 74 ng.h/mL, supporting the rapid conversion from AP-4-287 converted to FX1.

AP-4-287 Repressed SRBC-mediated Germinal Center Reaction.

To evaluate the in vivo activity of AP-4-287, we performed an 8-day course daily treatment 

with 25mg/kg, 15mg/kg or 5 mg/kg AP-4-287 or vehicle 3 days after SRBC vaccination. 

We tested a maximal dose of 25mg/kg dosed three times a day based on bioactive doses of 

FX1 described at 80mg/kg [14] and the in vivo half-life (T1/2) of AP4-287 determined at 

~1/3 FX1 T1/2. The mice were then necropsied 11 days after SRBC vaccination to examine 

the frequency of Tfh and GC B by flow cytometry method and GC formation by H&E and 

immunohistochemistry staining (see Fig 2A for the experimental schema). The frequency 

of CXCR5+PD1hiCD4+ Tfh (Fig 2B) and GL7+CD95+B220+ activated B cells (Fig 2E) 

were significantly lower in the animals receiving AP-4-287 comparing to their counterparts 

from the animals receiving vehicle. The reduction of Tfh and activated B cells due to the 

treatment with AP-4-287 was in a dose-response manner (Fig 2 C & F) supporting the 

specificity of AP-4-287 in repressing GC reaction from SRBC vaccination. Furthermore, 

we confirmed that AP-4-287 treatment reduced frequency of the GC induced by SRBC 

vaccination with H&E staining method (Fig 2H, upper panels) and immunohistochemistry 

staining using anti-B220 antibody to identify B cells (Fig 2H, lower panels). As a control for 

effects by FX1 if administered directly at 80 mg/kg FX1 (dose used in Gardenas M G [14]), 

we observe that FX1 dosing can lower GC B but it did not reduce the frequency of CD4+ 

Tfh within GCs (Fig 2 D&G).

AP-4-287 Selectively Repressed De novo, but not pre-established, Humoral Immune 
Responses.

To corroborate that in vivo AP-4-287 could reduce antigen-specific antibody responses, we 

analyzed vaccination-induced SRBC-specific IgM and IgG1 levels, as well as ELISA assay 

to quantify pan IgG and IgM. At 11 days after vaccination, we observed that the MFI of anti-

mouse IgG1 or IgM labeled SRBC incubated with plasma from 25mg/kg AP-4-287-treated 

animals were lower than their counter parts incubated with plasma from vehicle-treated 

animals (Fig 3A & D). Lower SRBC-specific IgM and IgG1 was also observed when using 

plasma from mice receiving AP-4-287 at 5mg/kg or 15mg/kg (Fig 3B & E), as well as in 

mice receiving FX1 (Supplemental Fig S3 A&B). Importantly, there was no difference in 

the total titer of plasma pan IgG and IgM between vehicle- and AP-4-287-treated groups 

(Fig 3C & F) or FX1 (Supplemental Fig S3 C&D), ruling out a pan inhibition of antibody 

production with drug exposure.

AP-4-287 Reduced T cell activation and Tfh differentiation in the GC.

Based on the observation that FX1 reduced T cell activation ex vivo [21] and in vivo [16], 

we analyzed the frequency of Ki67+CD4+ T cells by flow cytometry and the expression 

of Ki67+ cells by immunohistochemistry staining in treated mice. Our data confirmed that 

the frequency of Ki67+CD4+ T cells from the spleen of mice receiving AP-4-287 was 

lower when compared to those from vehicle-treated mice (Fig 4A). The AP-4-287-mediated 

reduction in frequency of splenic Ki67+ CD4+ T was notable at 25mg/kg but absence when 
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dosing at 15mg/kg or 5mg/kg (Fig 4B). As expected, immunocytochemistry showed the 

location of Ki67+ cells was primarily in the GC with a reduction clearly noted in AP-4-287 

treated mice (Fig 4C). At 25mg/kg AP-4-287, the frequency of CD4+ Tfh precursor 

(CXCR5− PD1+; Fig 4D) also trended to be lower (Fig 4E). Together, our data supports 

that AP-4-287 can lower the activation / differentiation of GC Tfh CD4+T cells.

AP-4-287-mediated inhibitory effect on GC formation and antibody responses are 
reversible.

We performed an additional study to test the effects of adding a 2nd SRBC vaccination 

3-week after the last dose of vehicle or AP-4-287 treatment (Fig 5A) in order to test 

the reversibility of targeting the BCL6 BTB domain. The spleen and blood samples were 

harvested at 11 days after 2nd SRBC vaccination for analysis of splenic cell phenotype 

(Tfh & activated B cells) and the antibody responses in the plasma (SRBC-specific IgG1 

and IgM) as above. We observed the 2nd SRBC-vaccination induced comparable level 

of Tfh CD4+ T cell regardless of prior treatment with vehicle or AP-4-287 (Fig 5B). 

The levels of GC B cells and SRBC-specific IgG1 from AP-4-287-treated groups after 

2nd SRBC-vaccination were similar to their counterparts from vehicle-treated groups after 

SRBC vaccination once (Fig 5C & D), but highest in the group that received vehicle 

treatment and the 2nd SRBC-vaccination (Fig 5C & D). By contrast, SRBC-IgM were 

comparable in both groups after 2nd SRBC vaccination (Fig 5E). The Ki67+CD4+ T cells 

and CD4+Tfh precursor cells were also similar in both groups and reached a level that 

is higher than their counter parts in the group that SRBC vaccination once and vehicle 

treatment (Fig 5F & G). In summary, these data supported that AP-4-287-mediated GC 

reaction and antibody responses could be recovered following drug discontinuation without 

any sustained disruption of future humoral responses.

In addition, in vivo safety of AP-4-287 was supported by our observation that administration 

of AP-4-287 did not cause histological changes in the brain, heart, lung, liver and kidney 

(Supplemental Fig S4), or decrease the level of pan-IgG /IgM, or permanent damage of host 

humoral immune response.

Discussion

We demonstrate that FX1 prodrug, AP-4-287, as a novel BTB-specific inhibitor, increases 

aqueous solubility and can be readily converted to FX1 in vivo with retained activity against 

GC formation. Specifically, AP-4-287 exposure can lead to: (1) reduction in the frequency 

of splenic Ki67+ CD4+ T cells, Tfh cells, and GC B cells; (2) decrease in GC formation 

following SRBC-vaccination; and a (3) decline in the titers of SRBC-specific IgG and 

IgM antibodies without any concurrent adverse effect on pre-established humoral immune 

responses. The frequency of splenic GC CD4+ Tfh in SRBC-vaccinated mice positively 

correlated with the frequency of GC B cells in the GC, the activation of splenic CD4+ T cells 

(Ki67+), and the level of SRBC-specific IgM and IgG (Supplemental Fig S5). We also show 

that targeting the BCL6 BTB domain with AP-4-287 is reversible after a washout period.

The in vivo safety of AP-4-287 was supported by our observation that administration of 

AP-4-287 did not cause histological changes in the brain, heart, lung, liver and kidney 
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(Supplemental Fig S5), or decrease the level of pan IgG /IgM (surrogates for pre-established 

humoral immune responses), or permanent damage of host humoral immune response. 

Due to a shorter half-life (T1/2) in mice sera and subsequent PK analysis, AP-4-287 

administration required 3 times daily for a course of 8-day to achieve similar effect as FX1 

but with lower dose. It is important to note that stability of AP-4-287 are different between 

mouse and human sera with greater stability by AP-4-287 observed in presence of human 

sera. Therefore, the in vivo dosing strategy used in this study on testing biological effects in 

mice likely need to be adjusted for the PK analysis for AP-4-287 in humans. While prodrug 

design targets cell surface amino acid transporters remains to be determined if AP-4-287 is a 

direct substrate for amino transporters such as PEPT1 [22].

BCL6 can bind to the promoter of >3000 genes and transcriptionally inhibit >1000 genes 

inclusive of genes encoding cell cycle proteins [23]. Aside from the anti-GC effect and 

similarity to FX1, we also observed that AP-4-287 lowered the expression of the cell cycle 

protein Ki67 in CD4+ T cells [21]. Ki67 is generally deemed an activation or proliferation 

marker. Future experiments are needed to identify the specific gene(s) and proteins that 

are affected by AP-4-287 treatment in order to address its mechanism of action in vivo 
and potential utility in diseases associated with abnormal T cell activation. Relevant to 

normal responses, activation and induction of antigen-specific Tfh is crucial for the vaccine-

mediated antibody response. A recent study showing that blocking BCL6, interleukin-21 

(IL-21), ICOS, and CD40 signaling led to diminished anti-HA antibody production [24] 

stresses that any anti-BCL6 strategy may impose a risk of vaccine failure. While our data 

directly support the role of BCL-6 in the generation of vaccine responses as AP-4-287 can 

effectively inhibit responses we also show that once drug exposure is removed, vaccine 

responses can return to normal supporting full reversibility of drug effects.

As BCL6 transcriptionally regulates the differentiation of GC Tfh, B cell activation, and 

GC formation [14], it is expected that AP-4-287 could potentially target diseases beyond 

lymphomas that are associated with elevated GC activity (e.g. autoimmune diseases, graft-

versus-host-disease) [25] and/or have pathogenic roles for Tfh such as retention of persistent 

HIV following antiretroviral therapy (ART). BCL6+CD4+ Tfh are highly susceptible to HIV 

infection and thought to harbor replication-competent HIV reservoirs within GC after ART 

[26–28]. It remains to be determined if AP-4-287 could be beneficial if added to ART as 

BCL6 inhibition by FX1 was able to lower the frequency of Tfh CD4+ T and Tfh precursor 

cells in vivo as tested in non-human primates [29] and can reduce HIV replication when 

added in vitro [21].

Our study has several limitations and future studies will be needed to address the questions 

below. First, the PK data from mouse model will likely not predict the PK in humans 

as noted above. Second, long-term immunotherapy effects of chronic AP-4-287 exposure 

remain to be determined. Third, we only evaluated effect of AP-4-287 on humoral immune 

responses with SRBC model which probably will have limited coverage of antigen specific 

responses.
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Materials and Methods

Chemical synthesis of FX1 prodrug, AP-4-287.

The FX1 Pro-drug, AP-4-287, was synthesized using the synthetic routes summarized 

in Fig 1A. In Scheme 1 the key intermediate F was synthesized from the precursors, 

2-(benzyloxy) acetic acid (A), and L-alanine methyl ester which were coupled to form the 

amide (B). Lithium hydroxide ester hydrolysis provided the acid (C), which was coupled 

to di-tert-butyl-L-glutamate (D), to form compound E. Palladium catalyzed hydrogenation 

to remove the O-benzyl protecting group provided F. In Scheme 2, 5-chloroisatin (G), 
reacted with 3-(4-oxo-2-thioxothiazolidin-3-yl) propanoic acid (H), under basic conditions 

to provide FX1. FX1 was then treated with oxalyl chloride to generate the acid chloride of H 

which reacted with alcohol, F, to generate the O-tert-butyl protected pro-drug (I, AP-4-287). 
Deprotection of the tertiary butyl esters under acidic conditions provided AP-4-287. The 

purity of AP-4-287 and intermediate compound were evaluated by NMR and LCMS Spectra 

(supplemental materials).

Aqueous solubility test.

The aqueous solubility of candidate BCL6 BTB-specific inhibitors, FX1 and its prodrug 

AP-4-287, was performed at the Alliance Pharm (Malvern, PA). Briefly, 1 mL of PBS buffer 

(pH 7.4) was added to approximately 10 mg of test compound. The solutions were sonicated 

for 30 minutes and then vortexed at a low speed for 30 minutes. The solutions then sat 

at room temperature for at least 16 hours. Next, the solutions were filtered through a 0.22-

micron filter followed by diluting 1:2, 1:10, 1:100, and 1:1,000, 1:10,000, and 1:100,000 

in triplicate in acetonitrile (ACN): water [1:1, volume/volume (v/v)]. The final sample 

solutions were mixed with internal standard followed by LC MS/MS analysis. Solubility 

was determined according to the calibration curve generated from at least 5 concentration 

standards. The concentrations for FX1 standards were 0.5, 1, 2, 10, 25 and 50 ng/mL; the 

concentrations for AP-4-287 standards were 2, 10, 25, 50, 100 and 200 ng/mL.

In vitro plasma stability assay.

The in vitro plasma stability of candidate BCL6 BTB-specific inhibitors was performed 

at the Alliance Pharm (Malvern, PA). Briefly, the inhibitors were dissolved in DMSO and 

dilute into 0.1mM with DMSO: water (1:1, v/v). Mouse, rat and human plasma purchased 

from qualified vendors were thaw and pre-warm in the water bath (37 °C) prior incubation 

with compounds at 100:1 ratio (495 μL plasma with 5μL compound working solution) in the 

incubator (37°C, 5% CO2) with shaking at 200rpm. At 0, 15, 30, 60, and 120 minutes later, 

50 μL mixture were collected and mixed with stop solution (ACN containing 100ng/mL 

tolbutaminde) at 5:1 (v/v) by vortex at 17 rpm for 3 min. The samples were centrifuged at 

3500 rpm for 15 minutes. Finally, 100 μL supernatant were collected into a fresh plate and 

analyzed by HPLC-MS/MS. The data analysis was performed using the natural logarithm of 

the peak area ratio (analyte peak area/IS peak area) is plotted against time and the following 

equation is fit to the data: Ct=C0*e−kt (k is the elimination rate constant). The half-life (T1/2) 

is calculated using the equation: T1/2=0.693/k.
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Mice pharmacokinetic (PK) study and blood collections.

A total of 39 male adult CD-1 mice (8 weeks old) were used in the pharmacokinetic (PK) 

study at the animal facility of Alliance Pharm (Malvern, PA) under the protocol #112754 

approved by the IACUC committee at the Wistar Institute. Eighteen mice received one 

administration of FX1 at 25mg/kg in 100 μL vehicle that comprised 30% propylene glycol, 

65% PEG-400, 5% Dextrose (5%) intraperitoneally (i.p.) and underwent six blood collection 

with three mice at each time point (0.5, 2, 4, 6, 8 and 24 hours later. Fig 1C); another 

eighteen mice received one administration of AP-4-287 at 25mg/kg in 100 μL vehicle i.p. 

and underwent six blood collections as above; the rest three mice received 100 μL vehicle 

and underwent blood collection at 24hr later as the negative control. Plasma samples were 

fractionated for PK analysis of AP-4-287 and/or FX1 level by HPLC-MS/MS (Alliance 

Pharm, Malvern, PA).

Sheep red blood cell (SRBC) vaccination study, BCL6 BTB-specific inhibitor treatment, and 
sample collections.

Male adult C57/BL6 mice (8–12 weeks old) from Jackson Laboratory (Bar Harbor, ME) 

were used following the IACUC approved at the Wistar Institute (protocol #112754). To 

establish the SRBC vaccination protocol (Supplemental Fig S1), we first performed i.p. 

administration with 100uL PBS or 100uL 10% SRBC (LAMPIRE Biological Laboratories, 

Inc. Pipersville, PA) and collect blood and spleen at 7 days or 11 days later. The optimal 

time point for monitoring the host immune response turned out to be 11 days post 

vaccination, which was applied in all the studies later on. FX1 was administered three 

days after SRBC vaccination at a dose of 80mg/kg in 100uL vehicle once daily for an 8-day 

treatment course; AP-4-287 treatment was performed using a similar schedule as FX1 except 

that doses 25, 10 and 5mg/kg in 100 uL vehicle at three times daily (TID) with 5 hours 

apart were used. Vehicle was administered at volume and schedule as control for FX1 or 

AP-4-287 treatment. At 11 days after SRBC vaccination, the mice that received vehicle, FX1 

or AP-4-287 treatment were euthanized with CO2, plasma was collected from the blood, 

the spleen was collected for cell isolation and histology studies. The mice torsos (with 

open chest, brain and stomach) were fixed with 10% formalin-phosphate buffer (Thermo 

Fisher, MA) for 48hr and kept in 70% ethanol (Thermo Fisher, MA) prior collecting tissues 

(e.g. intestine, heart, lung, kidney, brain et al) for histology analysis. We also performed 

secondary SRBC vaccination after resting the animals for 3 weeks, followed by necropsy of 

the animals at 11 days later to exam if the impact from treatment with BCL6 BTB-specific 

inhibitors could be recovered. The blood, plasma, and tissue sample collections were similar 

described above.

Mouse spleen tissue harvest and mononuclear cell isolation.

Spleen tissues were obtained and split into 2 parts after removing adipose tissues. Half was 

used for mononuclear cell isolation and preserved in 3 mL complete medium comprised 

of RPMI1640 (Cellgro; Manassas, VA) supplemented with 10% fetal bovine serum (Gibco, 

cat no. 26140-079; Grand Island, NY, USA), 100 IU/mL of penicillin/streptomycin (EMD 

Millipore, Billerica, MA) and 2 mM of L-glutamine (Cellgro; Manassas, VA); the other 

half was used for making paraffin blocks and preserved in 10% formalin-phosphate buffer 
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(Thermo Fisher). Mononuclear cell isolation from spleen tissue was prepared by meshing 

the cells through a 70μM cell strainer (BD; San Jose, USA) with a sterile 3 mL syringe 

plunger (BD; San Jose, USA). The cell suspensions underwent centrifugation at 2000 

rpm for 10 minutes (Beckman, Allegra X-12R, Brea, CA, USA) and washed with 10mL 

complete medium (PBS containing 2% FBS). Two million splenic mononuclear cells 

(SMC) were used for flow staining, and the rest cells were suspended in BAMBANKER™ 

serum-free cell culture freezing medium (Wako Laboratory Chemicals, cat no. 302-14681; 

Richmond, VA) and stored in liquid nitrogen until further analyses.

Flow cytometry and data analysis.

Two million of SMC were stained for flow cytometry as previously described to analyze 

the expression of surface and intracellular markers as well as cellular composition using the 

4-laser FACS LSRII-14 (Becton Dickinson; San Jose, USA)[30], as well as following the 

guideline for the use of flow cytometry reported by Cossarizza et al [31]. Antibodies used 

in these analyses were purchased from either BD or Biolegend and included anti-mouse 

CXCR5 (clone 2G8), anti-BCL6 (clone K112-91), anti-mouse PD1 (clone RMP-130), anti-

mouse CD95 (clone SA367H8), anti-mouse B220 (clone RA3-6B2), anti-mouse CD4 (clone 

RM4-5), anti-mouse CD3e (clone 500A2), anti-mouse F4/80 (clone BM8), anti-mouse Ki67 

(clone 16A8). 7AAD were used to stain nuclei. A minimum of 50,000 CD4+ T cells 

were collected, and post-acquisition analysis performed by Y.C. using FlowJo (Version 9.6, 

TreeStar) software. The data gating strategy is shown in Supplemental Fig S2.

Histochemical staining and imaging.

The spleen and other tissues (e.g. intestine, heart, lung, kidney, brain et al) were processed 

into paraffin blocks for H&E staining. Briefly, tissue was fixed in 10% neutral-buffered 

formalin, sectioned to 5 μm thickness, and stained using the hematoxylin and eosin (H&E) 

staining method at the Wistar Histology Core. The images of stained tissue sections were 

captured under regular light microscopy at 100x magnification at the Wistar Imaging Core. 

Spleen tissue sections were used to examine the germinal center formation after SRBC 

vaccination and treatment with vehicle, FX1 or AP-4-287. We also performed histology 

analysis of other tissues (e.g. live, heart, lung, kidney, brain et al) to determine the integrity 

of multiple organs associated with drug administration.

Immuno-histochemistry staining and imaging.

Immuno-histochemistry staining was performed by the staff at the Wistar Histology 

Core. Briefly, the spleen tissue sections were stained with anti-mouse Ki67 (polyclonal, 

#Ab15580; Abcam, Cambridge, UK) or anti-CD220 (clone RA3-6B2, Thermo Fisher) prior 

incubation with HRP-conjugated secondary antibody and substrate to produce a brown 

color for detection of tissue antigen. The images of stained tissue sections were captured 

under regular light microscopy as previously described at the Wistar Imaging Core. Adobe 

Photoshop software (Version 7.0; Adobe Systems; Mountain View, CA) was used to process 

and assemble the images.
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Mouse pan antibody and SRBC-specific antibody detection.

Detection of mouse pan IgM and IgG was performed using an ELISA method with the 

kit from ThermoFisher Scientific following the manufacturer instructions. Evaluation of the 

titer of SRBC-specific IgM and IgG1 was performed according to the method developed by 

Ellen J. McAllister and colleagues[32]. Briefly, 20 μL 2% SRBC were incubated with 5 μL 

pre-diluted mouse plasma (1:5 dilution using PBS) for 5min following with an additional 

20-minute incubation with fluorescence conjugated anti-mouse IgM (clone RMM-1) or 

IgG1 (clone RMG1-1) (Biolegend, San Diego, CA). The stained SRBC was washed with 

1mL PBS, re-suspended with 1 mL 1% paraformaldehyde (PFA) (Electron Microscope 

Science, Hatfield, PA) and proceeded with analysis using the 4-laser FACS LSRII-14 

(Becton Dickinson; San Jose, USA). Isotype antibodies were used to stain SRBC after 

incubation with mouse plasma as negative control. The mean fluorescent intensity (MFI) of 

SRBC that were incubated with plasma from vaccinated and vehicle- or AP-4-287-treated 

animals was obtained and normalized to the MFI of SRBC incubated with unvaccinated 

mice to compare the changes in titer of SRBC-specific antibodies (Data were presenting as 

fold changes in the figure).

Statistical analysis.

Data is summarized as mean and standard deviation. Unpaired t-test with Welch correction 

was used to compare difference between two groups. Spearman test was used for correlation 

analysis. Data were analyzed and graphed using GraphPad Prism v8.0c software (San Diego, 

CA). Two-sided P <0.05 was considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The Chemical Synthesis Process, Properties and Pharmacokinetic Analysis of 
Optimized Prodrug (AP-4-287).
(A) Summary for the chemical synthesis of AP-4-287. The FX1 Pro-drug, AP-4-287, was 

synthesized using the synthetic routes shown in Scheme 1 and Scheme 2. In Scheme 1 the 

key intermediate F was synthesized from the precursors, 2-(benzyloxy) acetic acid, A, and 

L-alanine methyl ester which were coupled to form the amide, B. Lithium hydroxide ester 

hydrolysis provided the acid, C, which was coupled to di-tert-butyl-L-glutamate, D, to form 

compound E. Palladium catalyzed hydrogenation to remove the O-benzyl protecting group 

provided F. In Scheme 2, 5-chloroisatin, G, reacted with 3-(4-oxo-2-thioxothiazolidin-3-yl) 

propanoic acid, H, under basic conditions to provide FX1. FX1 was then treated with oxalyl 

chloride to generate the acid chloride of H which reacted with alcohol, F, to generate the 

O-tert-butyl protected pro-drug, I. Deprotection of the tertiary butyl esters under acidic 

conditions provided AP-4-287. (B) The aqueous solubility and ex vivo plasma stability 

of FX1 and AP-4-287 (average of triplicates in one experiment). (C) Study design for 

comparing pharmacokinetics of FX1 and AP-4-287 in mice. We administered 18 CD-1 mice 

with FX1 at 25mg/kg (in 100uL vehicle), and additional 18 CD-1 mice with AP-4-287 

at 25mg/kg in the same volume of vehicle as FX1. Blood samples from three mice 

receiving FX1 or AP-4-287 were collected at 0.5, 2, 4, 6, 8 and 24hr after injection. 

We also administered three mice with 100uL vehicle and collected blood at 24hr to be 

used as negative control. (D) Plasma FX1 and AP-4-287 concentration were measured 

by HPLC-MS/MS assay for those animals receiving AP-4-287 (3 animals per timepoint 

in one experiment). For those animals receiving FX1, we only measured plasma FX1 

concentration. Error bars represent mean ± SD (E) Data summary for the pharmacokinetics 

of AP-4-287 and FX1.
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Figure 2. AP-4-287 repressed germinal center formation & reduced Tfh CD4+ T cells in SRBC-
vaccinated mice.
(A) Study design for evaluating AP-4-287 in repressing GC reaction in a sheep red blood 

cell (SRBC) vaccinated T cell-dependent mice model. All mice in the study received 100ul 

10% SRBC i.p. on day 0 and underwent resting for 3 days. An 8-days course of AP-4-287 

treatment (25mg/kg in 100uL vehicle three times daily with 5hr apart) or vehicle treatment 

started by day 4. By day 11, all mice were euthanized for collecting necropsy specimens 

including blood and spleen. (B) Representative flow plot showing AP-4-287 reduced the 

frequency of splenic PD1hiCXCR5+Tfh CD4+ T cells. (C) AP-4-287 reduced the frequency 

of Tfh CD4+ T cells in a dose-dependent manner. (D) Data obtained from cytometry 

analysis showed that the frequency of Tfh CD4 T cells in the mice receiving 80mg/kg 

FX1, or 25mg/kg AP4-287 or vehicle. (E) Representative flow plot showing AP-4-287 

reduced GC B cells (B220+GL7+CD95+) in the spleen. (F) AP-4-287 reduced GC B cells 

in a dose-dependent manner. (G) Data obtained from cytometry analysis showed that the 

frequency of Tfh CD4 T cells in the mice receiving 80mg/kg FX1, 25mg/kg AP4-287 or 

vehicle. (H) Representative images (4x magnification) stained with H&E staining method 
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and IHC using antibody against B220 showing AP-4-287 reduced GC formation in the 

spleens of SRBC-vaccinated mice. Welch-test was performed to compare the frequencies of 

Tfh and GC B cells between two groups. * p<0.05; ** p<0.01; ****p<0.0001. All data are 

from 2–3 independent experiments with 3 mice per experiment, except for PBS treatment in 

Figure C right and E right.
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Figure 3. AP-4-287 repressed SRBC-specific antibodies in the vaccinated mice.
(A) Representative flow plot showing the mean fluorescent intensity (MFI) of SRBC 

incubated with plasma from SRBC-vaccinated mice received either vehicle or AP-4-287 

treatment and BV421-conjugated anti-mouse IgG1. (B) AP-4-287 reduced the production 

of SRBC-specific IgG1 in a dose-dependent manner. (C) AP-4-287 did not change 

the production of pan IgG in vaccinated mice measured with ELISA method. (D) 
Representative flow plot showing the mean fluorescent intensity (MFI) of SRBC incubated 

with plasma from SRBC-vaccinated mice received either vehicle or AP-4-287 treatment 

and PE-conjugated anti-mouse IgM. (E) AP-4-287 reduced the production of SRBC-specific 

IgM in a dose-dependent manner. (F) AP-4-287 did not change the production of pan IgM in 

vaccinated mice measured with ELISA method. We used Welch-test to compare the results 

between two groups. * p<0.05; ** p<0.01. All data are from 2–3 independent experiments 

with 3–5 mice per experiment.
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Figure 4. AP-4-287 repressed Ki67+ CD4+ T cells in the GC and trended to lower Tfh precursor 
cells in SRBC-vaccinated mice.
(A) Representative flow plot showing AP-4-287 reduced Ki67+CD4+ T cells in SRBC-

vaccinated mice. (B) AP-4-287 reduced the frequency of Ki67+CD4+ T cells in a dose-

dependent manner. (C) Representative IHC images (4x magnification) showing AP-4-287 

reduced Ki67+CD4+ cells in the GC of spleen from SRBC-vaccinated mice. (D) Gating 

strategy for analyzing CXCR5−PD1dimTfh precursor CD4+ T cells. (E) AP-4-287 trended 

to reduce Tfh precursor CD4+ T in a dose-dependent manner. Welch-test was performed 

to compare the results between two groups. * p<0.05; ** p<0.01. All data are from 2–3 

independent experiments with 3–5 mice per experiment.
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Figure 5. AP-4-287-mediated repression on germinal center reaction and antibody responses in 
SRBC-vaccinated mice were reversible.
(A) Study design to test if 3-week resting period will allow the mice immune system to 

recover and responses to 2nd SRBC-vaccination. All mice in the study received the 1st SRBC 

vaccination, 3-day resting and an 8-days course of AP-4-287/vehicle treatment as previously. 

Then half of the mice receiving AP-4-287 or vehicle was euthanized and for necropsy 

sample collection; the rest half underwent a resting period of 3-week and received 2nd SRBC 

vaccination following with necropsy at 11 days later. (B-G) The level of splenic Tfh (B), 
splenic activated GC B (C), SRBC-specific IgG1 (D), SRBC-specific IgM (E), Ki67+CD4+ 

T cells (F) and Tfh precursor cells (G) were measured by flow cytometry. Welch-test was 

performed to compare the results between two groups. * p<0.05; ** p<0.01. All data are 

from 3–5 independent experiments with 3–5 mice per experiment.
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